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The characteristics of nickel alloy coatings applied by supersonic air plasma spraying were studied. A fea ture of the studies is that we developed a special annu lar gap injector with gas dynamic focusing for intro ducing a dispersed powder material into a plasma flow.
Multicomponent materials Ni-Cr-B-Si and Co-Cr-B-Si, which are self fluxing alloys, are widely used for strengthening and reconditioning var ious details by protective coatings. Surface fusion is a necessary stage of the formation of coatings from self fluxing alloys. At this stage, a dispersion strengthened structure of coated layers forms, their quality is signif icantly improved owing to porosity reduction, and the adhesive strength is ensured on the level of the strength of the fused material.
In this work, we generalized the results of studying nickel alloy coatings of two types: a coating used with out surface fusion and a self fluxing coating after spraying of which subsequent surface fusion is neces sary.
Coatings produced from powders of nickel alloys PN 85Yu15M and PR N77Kh15S3R2 3 with a parti cle size of 40-100 µm were applied to steel specimens by plasma spraying in a 52 kW PNK 50 direct current plasma generator. The plasma forming gas was air, the flow rate of which was 3 g/s. The weight average tem perature and velocity of the plasma jet at the nozzle exit were 6000 K and 2415 m/s, respectively. A powder was fed to a plasma flow through an annular gap injec tor with subsequent gas dynamic focusing. The coat ings made from the self fluxing alloy were not sub jected to surface fusion.
The microstructure of the coatings was studied by metallography with a Neophot 21 metallographic microscope and by micro X ray spectral analysis with a Jeol Leo 1455 VP scanning electron microscope. Layer by layer investigation of the composition of the coatings over cross sections was performed by integral and local techniques for evaluating microstructure. X ray powder diffraction analysis was made with a Dron analyzer.
The microhardness of phases constituting the coat ing was measured with a PMT 3 microhardness meter. The wear resistance of the coatings was determined according to a standard procedure (State Standard GOST 17367 71) with a Kh4 B friction and wear machine.
The maximum rated hardness values of the PN 85Yu15M and PR N77Kh15S3R2 3 alloy coat ings are 35 and 37-42 HRC, respectively. Therefore, for improving the wear resistance of heavy duty details, fused self fluxing alloys strengthened addi tionally with high melting components [1] [2] [3] .
Comparative analysis of the coatings produced using sub and supersonic plasma showed that the supersonic spraying of the PN 85Yu15M and PR N77Kh15S3R2 3 powders fed to the ionized gas flow through the annular gap injector produced coatings with particularly high values of hardness and wear resistance as compared to the coatings obtained from these materials in the subsonic plasma jet ( Table 1 ).
The study of the microstructure of the initial pow ders and the coatings produced from them detected the following features. Particles of the initial powders are spherical and clad ( Fig. 1), i.e., are spherical cores coated with shells. The cores and shells of particles of the PN 85Yu15M powder have a uniform struc ture (Fig. 2) , and so do the shells of particles of the PR N77Kh15S3R2 3 powder (Fig. 1) 
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the cores of particles of the self fluxing alloy PR N77Kh15S3R2 3 have a granular structure with dark inclusions of irregular shape. The grain size is 0.667-6 µm, and the dark inclusion size is 0.136-1.273 µm.
The micro X ray spectral analysis data (Fig. 2 ) also showed a uniform distribution of nickel and aluminum along the direction of scanning of the cross section of PN 85Yu15M powder particles.
The local quantitative analysis determined that the cores of PN 85Yu15M powder particles contain 7.82% less aluminum and, correspondingly, 7.82% more nickel than the shells of these particles ( Table 2 ). The shells of PR N77Kh15S3R2 3 powder particles are a chromium-nickel solid solution of the following composition: 75-77% Ni, 16.3-16.6% Cr, 3.9-4.86% Si, 2.07-2.3% Fe (Fig. 1) . In the shells of these particles? the dark inclusions with high chromium content are uniformly distributed. The general com position of the cores is the following: 55.7% Ni, 11.95% Cr, 4.26% Si, 24.9% C, 1.82% B, and 1.4% Fe. We failed to perform a local analysis of inclusions and grains because of their small sizes. Probably, by anal ogy with the data of our previous work [4] , the light phases are grains of a chromium-nickel solid solution and the dark phases are chromium borides or carbob orides.
Let us further consider the structure of the coatings obtained from these powders. In the structure of the coatings produced from the PN 85Yu15M powder ( Fig. 2) , the light and dark phases are found, the com positions of which are presented in Table 2 .
The data in Table 2 show that, in the dark and light phases of the sprayed layers, the nickel content signif icantly increases and the aluminum content corre spondingly decreases in comparison with the respec tive values in the initial powders. The presence of oxy gen is indicative of partial oxidation of the sprayed powders. Note that the amount of the dark phases considerably exceeds the amount of the light phases (Fig. 2) . Taking into account the composite structure of the initial (clad) particles and also the presence of undeformed dark phases of near spherical shape in the coating structure, one can assume that the dark phases in the coatings form from the cores of the initial parti cles and the light phases are produced from their shells. The thickness of microlayers in the coatings obtained from the PN 85Yu15M powder is mainly 0.47-25 µm. As already said, undeformed particles 56-70 µm in size are occasionally encountered.
The results of the qualitative analysis of the dark and light phases of the coatings produced from the PN 85Yu15M powder confirmed the data of the local analysis throughout the phases.
Detailed studies of the structure of the light and dark phases of the coatings obtained from the PN 85Yu15M powder detected a cellular structure of the considered phases. Figure 3 presents a fragment of the cellular structure of a dark inclusion. The size of indi vidual cells is 1-3 to 1.56-13.3 µm, and the thickness of bridges in them is 0.100-0.833 µm; sometimes, in the bridges, there are thickenings 1.278-1.556 µm. Determination of the composition of such thin phases as cell bridges seems to be impossible. It can only be assumed that the cellular structure of the inclusions is based on the intermetallic compound Ni 3 Al. The pres ence of this phase in the coating was identified by X ray powder diffraction analysis. This assumption also explains the data in Table 2 . The cellular structures were described for the first time.
As a rule, coatings produced from self fluxing alloys, including the alloy PR N77Kh15S3R2 3, are not used in industry without heat treatment. Usually, after spraying, such coatings are subjected to surface fusion for adhesive strength to develop and for a sec ondary structure to form. Surface fusion significantly increases the hardness, wear resistance, and quality of such coatings. In our case, unfused coatings with unique properties were obtained. Let us dwell on the structure of these layered composites. The metallo graphic studies demonstrated quite a high quality of the state of the coating-steel interface. At the same time, the coating-steel interface of the coatings applied by subsonic spraying contains a large number of defects.
The structure of the coatings obtained from the alloy PR N77Kh15S3R2 3 consists of layers and deformed particles (Fig. 4) . The layers form as the heated cores of particles less than 40 µm in size are deformed and the molten shells spread. The larger (50-70 µm) particles do not melt, but are only slightly deformed while heating. The layer thickness is 0.59-21.2 µm. The size of some of the deformed par ticles reaches 62 µm (along the coating thickness).
The investigation of the microstructure of the deformed particles and the layers identified a new phe nomenon of strengthening of coatings applied by supersonic plasma spraying. This strengthening is due to the fact that the initial structure of particles becomes finer after spraying. This phenomenon is known; however, by the example of coatings, it is described for the first time. Figure 4 presents a frag ment of the finer structure of the initial particle (left). The size of inclusions in the initial particle is 0.595-1.6 µm, whereas their size in the particle with the finer structure after spraying changes to 0.119-0.476 µm, i.e., decreases by a factor of 1.25-13.45. Based on the obtained results, the abnormally high properties of the coatings applied by a supersonic plasma can be explained as follows. The injection of particles through the annular gap into the plasma flow ensures their uniform heating, which, together with the high velocity of the high temperature heteroge neous flow creates such thermomechanical conditions of deposition of particles on the steel surface that heated fragments are deformed and molten fragments of particles spread. The rapid cooling of monolayers causes the structure of the molten fragments to be finer. The large number of intergrain boundaries underlies the considerable increase in the hardness and wear resistance of the coatings.
The adhesive strength of the sprayed layers was esti mated visually by the results of micro X ray spectral analysis and grinding of the coatings with a silicon car bide grinding wheel. The analysis of the state of the coating-steel base interface showed that diffusion zones do not form in this region.
While grinding the coatings with the silicon carbide grinding wheel, stripping of the coatings applied by subsonic plasma spraying was observed. The coatings obtained by supersonic plasma spraying remained undamaged. Under industrial conditions, mechanical treatment of such coatings can be performed only using diamond wheels.
Thus, for the first time in the practice of plasma spray ing of coatings, from powders of alloys PN 85Yu15M and PR N77Kh15S3R2 3, wear free layers with a hardness of 56-59 and 63-67 HRC, respectively, were obtained, with the coatings produced from the self fluxing alloy were not subjected to surface fusion.
The comparative studies of the structures of the ini tial powders and the coatings produced by a supersonic plasma flow were made. A structure of a new type in the coatings obtained from the PN 85Yu15M powder was found and studied. This structure was called the cellular structure; in it, the size of individual cells is 1-3 to 1.56-13.3 µm, and the thickness of bridges in them is 0.100-0.833 µm.
It was found that, in the course of deposition ion the steel base, the structure of particles of the PR N77Kh15S3R2 3 powder becomes finer (the size of inclusions decreases by a factor of 1.25-13.45.)
